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O123:H
؊ , and O128:H2 are well adapted to colonizing the ovine gastrointestinal tract, since they were the most prevalent serotypes isolated from both pasture-fed and lot-fed sheep. Collectively, our data show that Australian sheep are colonized by diverse cSTEC serotypes that are rarely isolated from healthy Australian cattle.
It is becoming increasingly evident that a variety of both commercially raised and wild animal species represent sources of Shiga toxin-producing Escherichia coli (STEC) (1, 2, 4-6, 8, 14, 18, 23, 38, 43, 50) . STEC strains are responsible for a number of human gastrointestinal diseases, including diarrhea, bloody diarrhea, and hemorrhagic colitis (HC). In a proportion of individuals, these conditions may be complicated by neurological and renal sequelae, including hemolytic uremic syndrome (HUS). STEC strains causing human gastrointestinal disease are referred to as enterohemorrhagic E. coli (EHEC), and serogroups O157, O111, O26, O113, and O103 are responsible for many outbreaks and sporadic cases of HUS and HC.
EHEC strains not only express Shiga toxin, but usually possess other key virulence attributes. One of the most significant virulence factors (other than Shiga toxins) is intimin (encoded by the eae gene), a surface protein essential for the formation of attaching-and-effacing lesions on gastrointestinal epithelial cells (19) . Enterohemolysin (encoded by the ehxA gene) is also commonly associated with EHEC populations (10, 23, 52) . E. coli strains that possess Shiga toxin genes and those that possess eae and/or ehxA represent subpopulations of STEC that are more likely to be pathogenic for humans, and we refer to these as complex STEC (cSTEC) (27) (28) (29) .
Serogroup O157 is the most common EHEC serogroup that has been associated with HC and HUS (35, 52, 54) , but the importance of non-O157 STEC strains as causes of HC, HUS, and other gastrointestinal diseases is being increasingly recognized as more laboratories use molecular and immunological methods to screen fecal samples. Historically, many laboratories have screened only for serogroup O157 from clinical and environmental samples because of the ease of screening for its biochemical characteristic of inability to ferment sorbitol and because of the availability of specific antisera. As many laboratories have screened only for this serotype, non-O157 EHEC-associated disease is likely to have been underreported (30, 35) . Non-O157 STEC should not be overlooked in human disease investigations because of the following: (i) non-O157 STEC strains are more prevalent than O157 STEC in the feces of meat-producing animals, indicating that humans are more likely to become exposed to these STEC strains as contaminants in foods (1, 14, 28, 31, 44) ; (ii) O157 STEC strains are not commonly isolated from the feces of healthy cattle and sheep in many parts of the world (9, 14, 28, 50) ; (iii) Ͼ100 STEC serotypes have been recovered from patients with HUS (http: //www.microbionet.com.au/frames/feature/vtec/brief01.html); and (iv) 435 STEC serotypes have been recovered from hu-man infections (http://www.lugo.usc.es/ϳecoli/). Furthermore, many STEC strains recovered from healthy food-producing animals possess virulence attributes that are similar to those found in the common EHEC serogroups. It is not clear what combination of virulence attributes distinguishes common EHEC serogroups from the serologically diverse STEC recovered from ruminant and other animal sources, nor is it known if all animal STEC populations are capable of causing disease in humans. Differences between STEC strains that inhabit farm animals and EHEC strains recovered from human patients may be related to the ability to express and secrete essential virulence factors. HUS-associated and bovine-associated STEC strains have been reported to differ in their basal and inducible Stx production characteristics (47) . Similarly, differences in the abilities of O157 STEC strains recovered from both human disease-associated and bovine sources to secrete locus of enterocyte effacement proteins have been reported (34) .
Epidemiological studies suggest that different serological STEC populations reside in the gastrointestinal tracts of healthy meat-producing animals (4, 5, 8, 9, 14, 28, 44) . Recent studies suggest that STEC strains isolated from ovine and bovine feces contain genetically distinct Shiga toxin subtypes (11, 12, 22, 46) . For example, stx 1c and stx 2d (Pierard) subtypes are commonly associated with STEC populations recovered from the feces of healthy sheep but not from the feces of healthy cattle (11, 12, 22, 32, 46, 50) . STEC containing stx 1c and stx 2d (Pierard) subtypes are not commonly recovered from the feces of patients experiencing HC or HUS (20, 42, 55) , but they are isolated from patients with uncomplicated diarrhea (20, 21, 55) . Thus, the allele stx 1c may be a marker that identifies STEC strains that cause milder disease (7, 11, 21, 32, 56) . The allele stx 2e has been identified in STEC strains recovered from the feces of swine but not among STEC strains recovered from ruminant species (our unpublished data; 12, 38, 46) . Moreover, STEC strains often possess a large (Ͼ90 kb) plasmid (EHEC plasmid) whose genetic content has been shown to vary significantly in different STEC serotypes (13) , and several putative virulence genes have been mapped to these plasmids. The enterohemolysin gene, ehxA, is typically found on this plasmid (13) . Collectively, these observations have important epidemiological implications for tracing sources of STEC suspected of causing outbreaks and sporadic episodes of HUS and other gastrointestinal afflictions.
The expression of intimin is central to the formation of attaching-and-effacing lesions during colonization of the intestinal mucosa of bovines and humans and probably plays an important role in tissue tropism. In addition, intimin may be involved in adherence to eukaryote cell surface receptors, such as ␤-integrins (24, 40, 41) . Fourteen intimin subtypes, which cluster into nine distinct phylogenetic families, have so far been described among E. coli strains from human and ruminant sources (45) . Although various intimin variants have been detected among E. coli strains isolated from cattle and sheep, the intimin subtype may be a good prognostic indicator of the potential of STEC isolates derived from ruminant sources to cause disease in humans (45) .
Cattle are recognized reservoirs for serologically diverse STEC strains (8, 23, 28, 29, 31, 44) . Recently, it has been demonstrated that Gb3 receptors (recognition sites for the B subunit of Shiga toxins) are located on replicating progenitor epithelial cells in the crypts adjacent to submucosa in the bovine gastrointestinal tract. These receptors are absent on human gastrointestinal epithelia (25, 26) . Gb3-positive bovine epithelial cells are resistant to a wide range of concentrations of Shiga toxin 1 (Stx1) (23) , in contrast to Shiga toxin-sensitive cells, such as Vero cells. In Gb3-positive bovine epithelial cells, Stx1 is internalized, where it is processed by lysosomes and presumably degraded (26) . This contrasts with the Shiga toxin processing pathway in Stx1-sensitive cells, where the toxin is transported to the endoplasmic reticulum, nuclear membrane, and nucleus and the Shiga toxin A subunit catalytically cleaves the glycoside bond within 28S rRNA, leading to disruption of protein synthesis (16, 26) . These observations led Hoey et al. (26) to hypothesize that the lack of Shiga toxin-mediated toxicity in cattle may confer some selective advantage in this host and probably has contributed to dissemination of STEC among cattle populations. To date, most animal studies have been done in cattle, but the findings may also apply to other host species.
As part of a previous snapshot study of STEC in slaughter age sheep, selected virulence properties (encoded by stx 1 , stx 2 , eae, and ehxA) and serotypes of STEC strains from 1,623 fecal samples recovered from 65 geographically distinct mutton sheep and prime lamb properties across the eastern half of Australia were examined (14) . Of the 90 cSTEC isolates examined in that study, 63% (57 isolates) possessed serotypes O91:H Ϫ , O5:H Ϫ , O128:H2, and O123:H Ϫ . In this report, we describe the results of a longitudinal study of cSTEC strains isolated from the feces of ewes and their offspring in five flocks over a period of 6 to 8 months, from lambing to postweaning. Isolates were tested for selected virulence gene properties (encoded by stx 1 , stx 2 , eae, and ehxA), and their serotypes were determined. We also determined the virulence gene profiles and serotypes of cSTEC strains recovered from two properties where sheep and cattle grazed simultaneously because they represented an opportunity to examine the hypothesis that sheep and cattle are colonized, in the main, by serologically distinct populations of cSTEC. Finally, to determine if dietary changes can influence the excretion patterns of cSTEC, the virulence gene profiles and serotypes of cSTEC were determined from 288 pasture-fed sheep that were transferred to penned enclosures and fed a range of silage-and grain-based diets comprising between 53 and 100% silage with the balance made up of grain.
MATERIALS AND METHODS
Longitudinal studies of ewes and lambs. Five pasture sheep properties (four from New South Wales and one from Tasmania) were used in these studies. Feces were collected from 25 ewes identified by ear tag and from 25 of their lambs (also identified by ear tag) up to an age of 6 weeks. Feces were also collected from the lambs on two other occasions, at preweaning or weaning (at ϳ6 months of age) and ϳ2 weeks postweaning. Fecal samples from the Tasmanian property were collected from ewes, lambs Ͻ6 weeks of age, and lambs at preweaning only. For prime lambs born in Tasmania, the practice is to leave the lambs with the ewes until slaughter, so no postweaning samples could be collected.
Studies of sheep grazing with cattle. Three geographically separate properties in the New England region of northern New South Wales with a history of running both sheep and cattle simultaneously were identified. Twenty-five fecal samples were collected on a single occasion from each of 25 sheep and 25 cattle VOL. 70, 2004 SEROTYPES AND VIRULENCE GENE PROFILES OF STEC STRAINSfrom each property. The 150 fecal samples were tested for the presence of virulence genes and processed for the isolation of cSTEC as described below. Study of sheep in a silage-grain diet trial. As part of a study undertaken to determine the impacts of various feedlot diets on production qualities in sheep, fecal samples from 288 sheep aged ϳ6 months were examined for the presence of cSTEC. The sheep (pasture fed) originated from a property located at Glen Innes in northern New South Wales and were transported to Cowra in central New South Wales for the pen trials. Fifty-eight fecal samples were collected and analyzed by multiplex PCR prior to the transportation of sheep to Cowra to identify cSTEC serotypes that had colonized the gastrointestinal tracts of the sheep prior to the commencement of the pen trials. Upon arrival, the sheep were allowed to acclimatize on pasture for 2 weeks and were segregated into 24 pens, each holding 12 animals. Their diets consisted of 100% silage, 90% silage-10% grain, 77% silage-23% grain, and 53% silage-47% grain, with each diet fed to six pens of 12 animals each (72 animals per diet). The grain component comprised 25% lupin and 75% barley. The sheep were maintained on these diets for 2 months and weighed every 2 weeks. Condition scores of the animals were taken at the beginning and conclusion of the trial. The lambs were healthy, with growth rates responding to the metabolizable energy available in each diet. Fecal samples were collected from all 288 animals on two occasions; the first sampling was performed after the animals had been maintained on the diet regimes for 26 days, and the second was performed 28 days later. At the end of the 2-month period, 166 sheep were determined to have reached market weight and were dispatched for slaughter. The remaining 122 animals were transferred to pasture for 1 month to increase their body weight prior to slaughter. Fecal samples from these 122 animals were collected after 1 month on pasture to determine if the dietary change back to pasture had an impact on the cSTEC serotype profiles.
Collection of feces. Fecal samples were collected per rectum (using individual sterile gloves to avoid animal-to-animal cross-contamination) into sterile 50-ml plastic containers. These samples were stored at 4°C overnight prior to transport to the Elizabeth Macarthur Agricultural Institute, New South Wales, Australia.
Multiplex PCR. For the diet trial, feces (50 mg) were incubated in EC (modified) broth (CM853; Oxoid, Basingstoke, United Kingdom) and subjected to PCR for the specific detection of stx 1 , stx 2 , eae, and ehxA as described previously by Fagan et al. (17) . For the longitudinal study and sheep-with-cattle study, feces were prepared and subjected to PCR for the specific detection of stx 1 , stx 2 , eae, and ehxA as described by Paton and Paton (39) , except that DNA templates for PCR were prepared using an InstaGene matrix, as described by the manufacturer (Bio-Rad, Richmond, Calif.). E. coli colonies cultured from EC (modified) broths from the diet trial, the longitudinal study, and the sheep-with-cattle study that showed a multilplex PCR profile indicative of the presence of at least one stx gene and at least one other virulence gene (eae and/or ehxA) were individually tested using the Paton multiplex PCR. The Paton multiplex PCR was used because it had been recently shown that the Fagan PCR assay unreliably amplifies stx 2d (Pierard) subtypes (14) . Although the Fagan multiplex PCR is unreliable in the detection of stx 2d (Peirard) subtypes, previous data (14, 46) suggest that the vast majority of stx 2d (Peirard) -positive cSTEC strains also possess both stx 1 and ehxA. Thus, the Fagan multiplex PCR would have identified most, if not all, of these enrichment broths as potentially containing cSTEC. Amplified fragments were resolved by agarose gel electrophoresis as described previously (17) . Glycerol stocks of overnight EC (modified) broth were stored at Ϫ80°C.
Isolation and serotyping of cSTEC. Only those EC (modified) broths that were positive for Shiga toxin genes (stx 1 and/or stx 2 ) and other accessory virulence genes (eae and/or ehxA) were cultured for STEC. Procedures used for the isolation of cSTEC from EC (modified) broths were described previously (14, 28) . Standard biochemical tests were used to confirm that isolates of E. coli were cSTEC. The procedures employed to serotype cSTEC were described previously (14) . E. coli isolates that are nonmotile are described as having an H Ϫ flagellum type.
RESULTS
Longitudinal studies of ewes and lambs. Isolates of cSTEC were recovered from all five pasture sheep properties ( A greater variety of cSTEC serotypes was isolated from lambs than from ewes-46 in lambs and 20 in ewes-and only 7 serotypes were common to both ewes and lambs. Lambs sampled at Ͻ6 weeks of age had the highest prevalence of cSTEC and the greatest variety of serotypes. The prevalence and variety of cSTEC declined with the sampling at preweaning and further declined with the postweaning sampling.
Studies of sheep grazing with cattle. Three properties simultaneously running both sheep and cattle were screened for the presence of cSTEC. Multiplex PCR analyses identified cSTEC profiles in 17 of 25 (68%) enrichment broths derived from the feces of sheep on property 1 and 9 of 25 (36%) broths derived from the feces of sheep collected from property 2. For cattle, only 3 of 25 (12%) enrichment broths from property 1 and 1 of 25 (4%) from property 2 showed multiplex PCR profiles indicative of the presence of cSTEC, and only four cSTEC serotypes (3 were Ont:H7, and 1 was O174:H21) were identified. Fecal enrichment broths of cattle and sheep from a third property failed to detect virulence factor profiles indicative of the presence of cSTEC.
Fifteen cSTEC serotypes were recovered exclusively from the feces of 32 (Pierard) subtypes (11, 12, 32, 46, 50) . One hundred and nine isolates comprising 16 cSTEC serotypes were isolated from these 288 sheep (Table 4) . The most prevalent serotypes isolated were O91:H Ϫ (46 isolates; 42.2%), O75:H8 (15 isolates; 13.8%), O5:H Ϫ (9 isolates; 8.3%), O123:H Ϫ (7 isolates; 6.4%), and O128:H2 (7 isolates; 6.4%) ( Table 4) . Although these serotypes are commonly isolated from the feces of sheep (8, 13, 45) , a number of cSTEC serotypes, including O5:HR, O37:H10, O55:H20, O112ab:H2, and O158:HR, that were not previously reported were recovered. Serotypes O5:HR and O112ab:H2 were isolated from animals when they were fed a diet composed predominantly (at least 90%) of silage. The greatest variety of serotypes was isolated from sheep when their diet was initially changed from pasture to the silage-grain mixture with between 90 and 100% silage. As the percentage of silage decreased and the percentage of grain increased, the variety of serotypes decreased (Table 4). Of 109 isolates, 11 (10.1%) possessed the eae gene and had the serotypes O5:HR, O37:H10, O55:H20, O88:H8, O112ab:H2, and O158:HR, along with several Ont serogroup isolates. STEC serotypes O8:H2, O28:H21, O88:H8, and O172:H Ϫ were previously recovered from cattle (http://www .microbionet.com.au/frames/feature/vtec//brief01.html; http: //www.lugo.usc.es/ϳecoli/).
DISCUSSION
From these studies-a longitudinal study of ewes and lambs, a study of sheep fed silage-grain diets, and a small study of sheep grazing with cattle-a total of 67 cSTEC serotypes were isolated from sheep. The combined results of all three studies suggest that cSTEC strains with the serotypes O5:H Ϫ , O75:H8, O91:H Ϫ , O123:H Ϫ , and O128:H2 are the predominant serotypes that are shed in the feces of sheep and that these serotypes are well adapted for colonization of the ovine gastrointestinal tract.
Several of these ovine cSTEC serotypes (O5:H Ϫ , O91:H Ϫ , and O128:H2) have been recovered from humans with HUS. O75:H8 STEC has been isolated from the feces of humans, cattle, and sheep and from beef, but to our knowledge this serotype has not been isolated from a human patient experiencing HUS, HC, or diarrhea (http://www.lugo.usc.es/ϳecoli/; http://www.microbionet.com.au/frames/feature/vtec/brief01 .html). Of the 90 STEC strains isolated during a previous snapshot study of 1,623 fecal samples from slaughter age sheep from 65 geographically distinct mutton sheep and prime lamb properties across the eastern half of Australia (13), cSTEC serotypes O5:H Ϫ , O91:H Ϫ , O123:H Ϫ , and O128:H2 accounted for 63% (57 isolates) of the isolates. Serotype O75:H8 was not identified in the previous snapshot study but in the present studies was commonly recovered from the feces of pasture-fed sheep (26 isolates) and sheep fed a range of silage-grain diets (13 isolates) (Table 4) , as well as 2 isolates from sheep grazing pastures with cattle (Table 3 ). Despite differences in STEC isolation methods and animal-rearing practices and the fact that cSTEC strains were specifically targeted in our studies, serotypes O5:H Ϫ , O91:H Ϫ , and O128:H2 are prevalent in the feces of sheep in Australia and overseas (2, 4, 8, 13, 31, 45, 46) . In addition to the diverse collection of cSTEC strains described in this report, other STEC serotypes have been isolated from sheep (9, 33, 50, 51) . All these studies confirm that sheep are colonized by a highly diverse population of STEC serotypes.
In the present study and previous Australian studies, a total of 81 cSTEC serotypes have been recovered from healthy Australian sheep (2, 14, 18 (11, 12, 22, 32, 46) , suggesting that cSTEC populations commonly found in sheep and cattle are lysogenized with genetically distinct Shiga toxin-containing bacteriophage.
The STEC serotype O26:H11 is prevalent in cattle feces (23, (27) (28) (29) and is also one of the most important serotypes associated with HUS patients in Germany, Great Britain, Australia, the United States, and Italy (3, 15, 36, 37, 48, 49, 53) . This serotype is rarely isolated from the feces of healthy sheep (4, 14, 50; http://www.microbionet.com.au/frames/feature/vtec //brief01.html; http://www.lugo.usc.es/ϳecoli/). In our longitudinal studies, three cSTEC serotype O26:H11 isolates, containing eae, stx 1 , and ehxA, were detected in the feces of three lambs Ͻ6 weeks of age (Table 2 ). Only one O26:H11 STEC isolate (stx 1 eae ehxA) was recovered among 384 STEC isolates in studies of lambs in Spain (9) . Previously, the isolation of several O5:H Ϫ isolates from calves was reported, and it was hypothesized that these animals might be capable of being transiently colonized by cSTEC serotypes not typically associated with slaughter age cattle (reference 11 and references therein). The isolation of O26:H11 from young lambs suggests that preweaned lambs are capable of being transiently colonized by atypical cSTEC serotypes. Further studies are required to confirm this hypothesis.
In the longitudinal study, lambs Ͻ6 weeks old had the highest prevalence of cSTEC and the greatest variety of serotypes. The majority of serotypes not previously reported were from lambs, and particularly lambs Ͻ6 weeks old. The prevalence and variety of cSTEC declined with the sampling at preweaning and further declined with the postweaning sampling. The lambs also carried the majority of serotypes with the eae gene. The differences between lambs and ewes may simply be because the lambs were sampled more often than the ewes (on three separate occasions, whereas the ewes were sampled only VOL. 70, 2004 SEROTYPES AND VIRULENCE GENE PROFILES OF STEC STRAINSonce). On the other hand, lambs may have distinct populations of STEC, as many of the serotypes identified in lambs during the longitudinal study were not found in the ewes and had not been identified in adult sheep in an earlier study (14) . At Ͻ6 weeks of age, lambs have a monogastric digestive system and a diet of ewe's milk. As the lamb matures, the gastrointestinal tract gradually develops into a rumen-based digestive system that is able to digest pasture through the fermentation of cellulose. The differences in cSTEC serotypes may be related to the effect of age on the physiological differences in the digestive tract, on the diet, or on the immune response to these organisms. Further studies with larger numbers of animals are required to determine if this is a biologically meaningful observation. Our study of sheep on different dietary regimes showed the greatest variety of cSTEC serotypes in animals whose diet had been changed from pasture to 100% silage or 90% silage-10% grain diets. Five previously unreported serotypes were identified in these animals.
To investigate further whether serologically distinct cSTEC serotypes colonize both healthy sheep and cattle, we sampled feces of sheep and cattle simultaneously grazing the same pasture from three geographically unrelated properties. Of 53 cSTEC strains isolated from sheep in this study, we identified 16 serotypes, the majority belonging to serotypes O5:H Ϫ , O75: H8, O123:H Ϫ , O157:H Ϫ , and Ont:H Ϫ . We isolated only one serotype, O174:H21 (not a prevalent sheep isolate), from both sheep and cattle and only one serotype, Ont:H7, from cattle alone. Our observation in cattle and sheep grazing the same properties that cSTEC serotypes commonly isolated from sheep feces were not present in cattle feces suggests that adult cattle may be unable to be, or rarely become, colonized by these cSTEC populations. Alternatively, cSTEC strains of ovine origin may be unable to survive in feces long enough to recolonize other grazing ruminant species. Our findings are consistent with those of others (4-6, 9, 50, 51) .
In summary, a total of 67 cSTEC serotypes were isolated from the feces of sheep reared on pasture or various combinations of silage and grain. Serotyping studies showed that the cSTEC serotypes O5:H Ϫ , O75:H8, O91:H Ϫ , O123:H Ϫ , and O128:H2 are prevalent in the feces of Australian sheep. STEC strains displaying these serotypes have also regularly been recovered from the feces of sheep raised in other regions of the world (4, 9, 14, 50, 51). Our observations suggest that young lambs carry a more diverse range of STEC strains than adult sheep. Collectively, these observations reconfirm the hypothesis that sheep are colonized by a population of cSTEC strains that are distinct from serotypes recovered from the feces of cattle.
